Introduction
Protein structure occurs by the folding of one polypeptide chain as the hydrophobic residue for interior and hydrophilic residues for the exterior. This structure is stabilized by interaction between hydrophobic residues. Consequently the buried hydrophobic residues associate and form solvent-shielded hydrophobic cores. These cores are defined by the degree of solvent accessibility to the side-chain of each amino acid (Lee and Richards, 1971; Richmond and Richards, 1978) .
Regarding methods developed to predict hydrophobic cores, use or no use of sequential alignment can be considered. In the case of no sequential alignment, the hydrophobicity plot defined by assignment of the hydrophobicity index to each amino acid residue is used for prediction, but inherent sharp spikes make it difficult to find a correlation with hydrophobic cores. Since *To whom correspondence should be addressed Rose (1978) showed that a smoothed hydrophobicity plot correlated hydrophobic regions, the sliding window averaging technique has been commonly used. The hydrophobicity value for each residue inside the window was summed, and the average value was given for a residue in the middle of the window (Kyte and Doolittle, 1982) . The averaged profile was smoothed by interpolation and the related profile correlated with the plot defined by assignment of the contact number of the α-carbon atoms (Rose and Roy, 1980) . The value calculated for an amino acid residue is greatly affected by neighboring residues because of averaging or interpolation, so that an accurate site-specific state such as buried/exposed amino acid residue is difficult to predict. Although the merit of these prediction methods covers any sequence, the result is not so reliable because it is difficult to assign interior/exterior state of residues. The method using neural network is site-specific, prediction more accurate (Holbrook et al., 1990) and the method using homologous proteins increased the accuracy rate (Hubbard and Blundell, 1987; Rost and Sander, 1994; Swindells, 1995) .
With sequential alignment, the protein is compared with sequences in a dataset of which the 3D structure is known. Wako and Blundell (1994) predicted hydrophobic cores with 76.4% accuracy, on average, for a selected dataset from Brookhaven's Protein Data Bank (PDB). The buried residues are predicted accurately in cases of high sequence similarity, but not so in the case of low similarity. Indeed, searching for homologous proteins greatly facilitates accurate prediction.
Wavelet analysis is a relatively new mathematical method used to obtain low and high frequencies from signals, and is used in astronomy, signal/image processing, earthquake prediction and so on. With wavelet analysis, one can use approximating functions that are contained neatly in finite domains. The raw signal can be decomposed to high and low frequencies. Wavelet analysis is well-suited for approximating data from given functions (Arneodo and Grasseau, 1988; Argoul et al., 1989; Ohkitani, 1990, 1991) .
We made use of wavelet analysis for hydrophobicity plots to quantitatively decompose to high and low frequencies. We asked if the hydrophobic regions could be detected with low frequency and attempted to predict hydrophobic cores of proteins.
System and methods

Wavelet transformation
There are essential differences between Fourier and wavelet analysis. The former is based on functions that are localized in frequency, not in time. Small frequency changes in Fourier transformation will lead to changes everywhere in the time domain. Wavelet functions are local in both frequency/scale (via dilations) and in time (via translations). The most important concept in a discrete wavelet theory is multiresolution analysis. The wavelet function ψ(t) is constructed using scaling function φ(t) which satisfies the following two-scale relation.
Let Z be a set of integers. The coefficients {h n , n∈Z} denote a low-pass filter (H). The wavelet function ψ(t) is defined using the scaling function φ(t) as
The coefficients {g n , n∈Z} denote a high-pass filter (G). Assume that the shifted scaling functions {φ(t-k), k∈Z} and the shifted functions {ψ(t-k), k∈Z} are orthonormal, respectively. Let {c l (0) } denote a sequence of hydrophobicity values, and we define a linear combination f(t) of the sequence with the scaling functions {φ(t-k), k∈Z}:
By a wavelet theory, we have another expansion of f(t):
From Eqs (3) and (4) and using orthonormality of the scaling and wavelet functions, we can decompose the sequence {c l (0) } into low frequency and high frequency components.
and
respectively. Repeated applications of this decomposition lead us to
Fig. 1. Schematic representation of the decomposition and reconstruction stages in a subband filtering scheme. Every letter in a box represents a filter, ↓2 stands for the downsampling by 2 (retaining only the even entries), ↑2 stands for upsampling by 2 (interpolating with zeros).
Conversely, we can derive from Eqs (3) and (4), a reconstruction formula
These formulas were found by Mallat (1989) , such relations are shown in Figure 1 .
In Eqs (7) and (8), the sequences {c k (j-1) } and {d k (j-1) } mean low and high frequencies. In this paper, only the first formula Eq. (7) is used. Since the low frequencies c k (j-1) are sampled only at even integers, one needs to extend their length into the same as original sequence {c k (j) }. Using Eq.
(9), we reconstruct a new sequence {c
In this study, we use Eqs (7) and (8) successively starting from levels j = -1 to -4 in order to extract low frequency from levels j = -1 to -4. The data in the hydrophobicity plot were regarded as an input signal. Here, we used the Daubechies' wavelet with tap 4 as a mother wavelet. The number next to the tap represents the smoothness of the mother wavelet. The higher the order of the number of the tap, the smoother the mother wavelet (Mallat, 1989; Ohkitani, 1990, 1991; Daubechies, 1992; Young, 1993; Li et al., 1995; Mandell et al., 1997) .
Application to protein structure
The protein sequential and structural data were selected by Wako and Blundell (1994) from the PDB. These 67 globular proteins were separated into 13 families, as shown in Table 1 . The solvent accessibility (Acc) value which described the number of water molecules in contact with each residue was calculated using the DSSP program (Kabsch and Sander, 1983) . A crude approximation for residue accessibility had been used: a projection onto two states, buried or exposed. The problem arose as to how to define the threshold to distinguish between the two states (Rost and Sander, 1994) . Buried residues were determined by the value of relative accessibility (RelAcc) defined as follows,
The value of RelAcc was calculated using a maximum accessibility (MaxAcc) (Richmond and Richards, 1978) . The amino acid residue with RelAcc below 20% was considered to be a buried residue, and RelAcc above 20% to be an exposed residue (Wako and Blundell, 1994) . The hydrophobic cores were formed by association with these buried residues. In application to protein structure, time and signal in wavelet analysis is regarded as amino acid sequence and hydrophobicity intensity respectively. Thresholding the extracted low frequencies from levels j = -1 to -4, the residues above the threshold were predicted as buried residues to form hydrophobic cores. To quantify the prediction accuracy, we defined the function as follows,
where N cbu defined the number of residues predicted to be correctly buried, N cex defined the number of residues predicted to be correctly exposed and N all defined the total number of residues.
To determine the suitable level and threshold for prediction of hydrophobic cores, we examined cross-validation. We selected at random 37 proteins from the dataset of Wako and Blundell (Table 1) as the testing set and the 30 remaining proteins were defined as the training set. The threshold for the prediction was determined to give maximum average prediction accuracy at the training set. Using the threshold, the hydrophobic cores of testing set was predicted. The threshold which appeared in many cases in 6 randomly defined datasets was applied for prediction of proteins. This cross-validation was performed from levels j = -1 to -4. The Mac Wavelets ver2.0 program was used for wavelet analysis.
Using the decided level and threshold, we predicted the hydrophobic cores of proteins in the CASP2 (Second Meeting on the Critical Assessment of Techniques for Protein Structure Prediction Asilomer Conference Center, December 12-16, 1996 , http://PredictionCenter.llnl.gov/ casp2/) dataset. In the CASP2 dataset, there are proteins, the sequences of which cannot be aligned to sequences of a known family. We then investigated the feasibility of our prediction method application to other proteins.
We predicted the hydrophobic cores of proteins whose sequences were homologous to known sequences and defined thresholds for each family for a precise prediction. These thresholds were defined as giving maximum average prediction accuracy within each family. 
Results
Detection of hydrophobic cores using a hydrophobicity plot and low frequencies
In this section, dihydrofolate reductase (8dfr) was chosen as a representative globular protein. Figure 2 shows a hydrophobicity plot and low frequencies from levels j = -1 to -4. The bars on top of the figure show buried residues defined as based on the 3D structure.
The hydrophobic cores were composed of single and continuous buried residues. It is difficult to identify segments between buried residues and the hydrophobicity plot as there are many sharp spikes. In a protein structure, high hydrophilic residues were occasionally buried in the interior, according to the 3D structure. In Figure 2 , Asn72 and Asp110, indicated by arrows 1 and 2 respectively, located on interior of the protein, despite the hydrophilic residue, so that a few peaks appearing in this segment made it difficult to detect hydrophobic cores. At the low frequency at level j = -1, the segment including Asn72 and Asp110 broadened. As the result of research of levels j = -1 to -4, the peak of frequency at level j = -1 tended to be satisfactory with either a single or continuous segment. On the other hand, detection of single hydrophobic residues at higher levels proved difficult.
Decision of suitable level and threshold for prediction
The low frequencies of proteins in each family were similar at level j = -1, and correlated well with the hydrophobic cores. By cross-validation, we determined the optimal threshold and a suitable level for prediction. At level j = -1, threshold = 1.45 appeared 3 times in 6 tested cases (Table 2) . The hydrophobic cores were predicted with 68.7% accuracy on average in the testing set, using threshold = 1.45. This accuracy was higher than that of other levels. The average accuracy in the testing set at other levels was 66.3% (level j = -2), 65.8% (level j = -3) and 64.9% (level j = -4). With the sliding window averaging technique, the hydrophobic cores were predicted with 60.3% accuracy. Thus, we decided to apply level j = -1 and threshold = 1.45 for predicting hydrophobic cores of proteins. We predicted the hydrophobic cores of proteins in the CASP2 dataset. Consequently the average prediction accuracy for proteins which have no homologous sequence of any known structure in the CASP2 dataset was 66.0%. Based on these results, the hydrophobic cores of any protein can be predicted with accuracy, using wavelet analysis. 
Prediction of hydrophobic cores for protein families
We attempted to estimate the improvement of accuracy using a defined threshold for each family. Table 3 shows the average prediction accuracy for each family using threshold = 1.45 and threshold for each family. The threshold = 1.45 was determined by the cross-validation. The threshold for each family was defined as giving the maximum accuracy in the same family. The value in parenthesis is the threshold used for prediction. We also compared the accuracy in wavelet analysis with the method used by Wako and Blundell (1994) .
The optimum thresholds for each family differed. Using the threshold for each family, the accuracy was improved. In wavelet analysis, the accuracy of calcium binding protein (calmodulin-like) and thioredoxin was higher than found by Wako and Blundell (1994) . Moreover, the average accuracy of wavelet analysis was lower than the results of Wako and Blundell (1994) with only 6.2% accuracy.
Structural comparison of hydrophobic cores predicted by different smoothing methods
The hydrophobic cores of almost all proteins could be predicted accurately and the predicted hydrophobic cores correlated with single and continuous hydrophobic cores, except for the cbp family. Figure 3 shows defined and predicted hydrophobic cores in which the dihydrofolate reductase family (dhfr) served as a representative globular protein.
The hydrophobic cores defined according to the 3D structure (top) and predicted (bottom) are indicated by the CPK model. The predicted hydrophobic cores in 3dfr and 4dfr correlated with defined cores, while residues predicted correctly in 8dfr and 1dhf were fewer than in 3dfr and 4dfr.
Discussion
The hydrophobicity plot defined by assignment of the amino acid index to a sequence has sharp spikes. To smooth the plot, various methods using averaging or interpolation techniques have been proposed. However, the plot is not completely smoothed and it became difficult to predict hydrophobic cores from amino acid sequences. The method using Fourier analysis was devised to detect periodicity of membranespanning segments (Finer-Moore and Stroud, 1984; Mitaku et al., 1984; Vik and Dao, 1992) . Periodicity was distinguished clearly by the power spectral density calculated with Fourier transformation. This method did not smooth the hydrophobicity plot. In the Fourier analysis, raw function is obtained by summation of the trigonometric function which widely spread to infinity, so that information on the time component is lost. Therefore, one cannot analyze the frequency at a definite time. To compensate for these problems, short-time Fourier analysis was devised with window function to the Fourier transformation. The window size in the short-time Fourier analysis is fixed, so that the frequency is not considered out of the window, thus one cannot accurately analyze the function. These problems can be overcome by wavelet analysis. While the window size is fixed in the short-time Fourier analysis, the window size and frequency can at the same time be changed in case of wavelet analysis. The mother wavelet is localized in space, then the signal is analyzed locally. The window size and frequency can be changed simultaneously, for a greater flexibility with environmental changes. This means that the potential for analyzing signals can be raised. In wavelet analysis, the low frequency can be easily obtained from a raw function by the decomposition and reconstruction formula. This is easier than for the short-time Fourier analysis which has to set up the window size and frequency.
We attempted to remove the high frequency which makes it difficult to detect a segment from a hydrophobicity plot, and obtain low frequencies from levels j = -1 to -4. Thresholding these low frequencies, we predicted hydrophobic cores. We carried out cross-validation for the proteins selected by Wako and Blundell (Table 1) . We found that the hydrophobic cores appeared in low frequencies at level j = -1 and the hydrophobic cores could be predicted with 68.7% accuracy using threshold = 1.45. The accuracy of the prediction at level j = -1 was higher than that of other levels. Moreover, the hydrophobic cores of proteins which had no homologous sequence of known structures in the CASP2 dataset could be predicted with 66.0% accuracy, using threshold = 1.45 at level j = -1. In the CASP2 dataset, size of the proteins (from 29A.A. to 591A.A.) varied from the dataset of Wako and Blundell (from 85A.A. to 249A.A.) . Therefore the accuracy of the CASP2 dataset was lower than that reported by Wako and Blundell. From these results, we can predict hydrophobic cores of proteins with extracted low frequencies at level j = -1, from a hydrophobicity plot using wavelet analysis.
To predict hydrophobic cores more precisely, we defined the threshold for each family. We predicted hydrophobic cores (Figure 3 ) of the dihydrofolate reductase family (dhfr) containing 3dfr, 4dfr, 8dfr and 1dhf. The predicted hydrophobic cores in 3dfr and 4dfr correlated with defined hydro-phobic cores. On the contrary, residues predicted to be buried in 8dfr and 1dhf were fewer than in 3dfr and 4dfr. The rate of buried residues and the structural figures were almost the same, but size of the proteins differed; 3dfr(162A.A.), 4dfr(159A.A.), 8dfr(186A.A.) and 1dhf(182A.A.). Hence, these structural features limited the accuracy of prediction.
The hydrophobic cores were not correctly predicted in the calcium-binding protein family (cbp) containing 3cln, 4cln, 5tnc and 2scpA. The rate of buried residues and size of the proteins were different in these proteins; 3cln(20.3%, 143A.A.), 4cln(21.6%, 148A.A.), 5tnc(26.1%, 161A.A.) and 2scpA(38.5%, 174A.A.). 3cln, 4cln and 5tnc are composed mainly by exposed residues. Moreover, the structural figures differed, that is 3cln, 4cln and 5tnc were joined by two small globular proteins with a long α-helix. On the other hand, the structural figure of 2scpA was globular. For these reasons, the optimum threshold for each protein in the cbp family differed. Calculating the average threshold for the cbp family, the threshold was 4.05 and this high threshold led to overestimation. Therefore, the rate of buried residues, size of proteins and structural figures affected accuracy of the prediction. In this paper, we used the proteins selected by Wako and Blundell (1994) to compare accuracy.
There are mainly two methods for prediction of hydrophobic cores using sequential alignment. The accuracy of the method using sequential alignment is affected by the degree of similarity. If one sequence has no homologous sequences for sequences of known structure, the method using sequential alignment could not be applied. In addition, in the case of one sequence with little similarity to sequences of known structures, it is difficult to apply the method using sequential alignment thus a method using no sequential alignment has to be used. We predicted hydrophobic cores with 68.7%, by cross-validation. Using a decided threshold and level by cross-validation, we predicted hydrophobic cores of proteins in the CASP2 dataset with no homologous sequence of known structures, with 66.0% accuracy. Therefore, hydrophobic cores can be predicted with accuracy without homologous sequences using wavelet analysis. Using the threshold for each family in dataset of the Wako and Blundell, the hydrophobic cores could be predicted with 70.3%, on average (Table 3) . Our method can offer predictions for proteins with no homologous sequences or low similarity to known structures, with close to 70% accuracy and without sequential alignment.
In the case of wavelet analysis, the kind and smoothness of the mother wavelet makes little difference regarding low and high frequencies. Choosing another kind or tap of wavelets, extracted low and high frequencies may differ, then the prediction may be improved.
Extracted low frequencies at level j = -1 by wavelet analysis is efficient for detecting buried residues related to hydrophobic cores. Short segments composed of buried residues correlated with the low frequency at level j = -1. Wavelet analysis is more useful for predicting continuous segments so that a long segment such as secondary structures can be detected using any frequency level. We find wavelet analysis to be effective for extracting structural information on proteins from sequences.
